repeating units in their maijor cell wail teichoic acids, were shown to catalyze the transfer of the glucose residue from {'4CJGlc-P-prenol to endogenous polymer. On the other hand, membranes of B. coagulans AHU 1366, which has no glucose substituents in the cell wail teichoic acid, exhibited neither [14C]Glc-P-prenol synthetase activity nor the activity of transferring glucose from [14C]Glc-P-prenol to endogehous acceptor. The enzyme which catalyzes the polymer glycosylation in the former two B. coagulans strains was most active at pH 5.5 and in the presence of the Mge ion. The apparetit Km for [1"C]Glc-P-prenol was 0.6 ,uM. Hydrogen fluoride hydrolysis of the [14C]glucose-linked polymer product yielded a major fragment identical to D-galactosyla(l-2)(D-glucosyl-4(1-÷1/3))glycerol, the dephosphorylated repeating unit in the major cell wall teichoic acids of these B. coagulans strains. This result, together with the behavior of the radioactive polymer in chromatography on Sepharose CL-6B, DEAE-Sephacel, and Octyl-Sepharose CL-4B, led to the conclusion that ['4CIGlc-P-prenol serves as an intermediate in the formation of P-D-glucosyl branches on the polymer chains of cell wall teichoic acids in B. coagulans.
Most gram-positive bacteria possess teichoic acids and lipoteichoic acids as fundamental structural components of their cell walls and membranes, respectively (1, 26) . The major cell wall teichoic acids of Bacillus coagulans AHU 1631 and AHU 1634 were shown to be made up of repeating 6-D-galactosyl-a(1--2)(D-glucosyl-,(1--*1/3))glycerol phosphate units (13) , while the teichoic acid of B. coagulans AHU 1366 was shown to consist of nonglucosylated repeating 6-D-galactosyl-a(1--2)glycerol phosphate units (11) .
Yokoyama et al. reported the pathway for the de novo synthesis of the teichoic acid in B. coagulans AHU 1366 proceeds by the alternate addition of galactose and glycerol phosphate residues from UDP-galactose and CDP-glycerol, respectively, to the linkage unit intermnediate (glycerol phosphate)3-D-glucose-4(1--4)N-acetyl-D-glucosamine bound to polyprenylpyrophosphate (28) . I4owever, the mode of introduction of the P-D-glucosyl branches to the cell wall teichoic acids of B. coagulans AHU 1631 and AHU 1634 remains to be studied. On the other hand, structural studies on the membrane lipoteichoic acids of B. coagulans and Bacillus megaterium revealed that these polymers have galactosyl side branches attached to poly(glycerol phosphate) chains which are directly linked to acylglycerol anchors (10) .
This situation prompted us to investigate the pathway of the formation of the ,-D-glucosyl and CL-D-galactosyl branches on the wall teichoic acid and lipoteichoic acid, respectively, in B. coagulans. In preliminary experiments, it was found that incubation of UDP-D-[14C]glucose with membrane preparations of B. coagulans produced two different radioactive glycolipids which were presumed to be glucosyl and galactosyl phosphorylpolyprenols. Recently, Yokoyama et al. (29) showed that the latter glycolipid, P-D-galactosyl phosphorylpolyprenol, functions as a galactosyl donor for the a-D-galactosyl branches of the lipoteichoic acids in B. coagulans.
The present paper reports the results of studies on the function of glucosyl phosphorylpolyprenol as an intermediate in the ,-D-glucosyl branch formation of the major cell wall teichoic acids in B. coagulans. Standard glycolipids, [a-acetyl-14C]N-acetylglucosamine
MATERIALS AND METHODS

Materials
and [a-acetyl-14C]GlcNAc-PP-undecaprenol ([14C]GlcNAc-PP-prenol) were prepared by using membranes from Bacillus cereus AHU 1356 cells as described previously (17, 27 (21) . Poly(Gal-Gro-P)-(Gro-P)2-3-Glc-
[14C]GIcNAc-PP-undecaprenol, together with the polymer which lacked the prenol moiety, was produced by incubating membranes from B. coagulans AHU 1366 cells with CDP-Poly(Gal-["4C]Gro-P) was also prepared by incubation of B. coagulans AHU 1366 membranes with UDP-galactose and CDP-[U-'4C]glycerol, followed by purification in the same way (28) .
The diacyl form of lipoteichoic acid of B. coagulans AHU 1634 was extracted from the defatted cells by hot phenol treatment and purified by successive chromatography on columns of Sepharose CL-6B, DEAE-Sephacel, and OctylSepharose CL-4B as described previously (10) . D-Glucosyl-3(1->2)glycerol and D-galactosyl-ox(1->2)glycerol were prepared from HF hydrolysates of teichoic acids of Bacillus subtilis AHU 1235 and Bacillus licheniformis AHU 1371, respectively (12) . D-Glucosyl-3(1--*1/3)glycerol was prepared by ot-D-galactosidase treatment of D-galactosyl-ot (27) .
Chromatographic and electrophoretic procedures. Descending paper chromatography was carried out on Toyo no. 50 filter paper in the following solvents: solvent A, isobutyric acid-0.5 M ammonia (5:3, vol/vol); and solvent B, n-butanol-pyridine-water (6:4:3, vol/vol/vol). Paper electrophoresis was performed with the same filter paper in 50 mM sodium borate buffer (pH 9.8) at 40 V/cm for 1 h. The radioactivity on paper chromatograms and electrophoretograms was measured by cutting the strips into 1-cm segments and counting in a liquid scintillation counter. Rates of migration on paper chromatograms are given relative to 3-GlcNAc-P-prenol (RGIcNAc-P-preno) or glucose (Rglucose). The nondialyzable fraction (6,000 cpm) was loaded onto a Sepharose CL-6B column (0.7 by 57 cm) equilibrated with buffer A, and the column was eluted with the same buffer. The eluate was collected into 0.4-ml fractions and measured for radioactivity. Fractions 31 to 42 were combined, concentrated, and dialyzed against buffer A. The dialyzed Sepharose fraction (5,500 cpm) was applied to a DEAE-Sephacel column (0.75 by 2 cm), and the column was washed with 8 ml of buffer A and eluted with a linear gradient of NaCl from 0 to 0.6 M in buffer A (14 ml). The eluate was collected into 0.4-ml fractions, and fractions 40 to 48 were pooled, concentrated, and dialyzed against six changes of 1 liter of water over a total period of 3 days, producing the purified preparation of the radioactive polymer product (4,500 cpm).
Hydrogen fluoride treatment of glucose-linked polymer.
The radioactive polymer (1,350 cpm) purified as described above was hydrolyzed in 0.1 ml of 47% HF for 13 h at 25°C. The degradation products were subjected to chromatography on a Cellulofine GCL-25m column (0.6 by 124 cm) in 50 mM ammonium acetate buffer (pH 4.3), and 0.3-ml fractions were collected.
Analytical methods. Protein was determined by the method of Lowry et al. (15) . Total phosphorus was assayed by the method of Lowry et al. (14) . Total hexose was determined by Table 2 ).
Properties of the enzyme responsible for the glucosylation of polymer. The incorporation of radioactivity into polymer proceeded rapidly in the first 20-min period and then continued slowly (Fig. 1A) . The labeling of polymer depended on the amounts of membranes (Fig. 1B) and [14C]Glc-P-prenol (Fig. 1C) . The pH optimum for the formation of [r4C]Glc-P-prenol was around 8 (data not shown). However, the pH optimum for the glucosylation of endogenous polymer with
[14C]Glc-P-prenol as a substrate was around 5.5 (Fig. 1D ).
The addition of Mg2+ at a concentration of 13 phenol and separated from small molecules by dialysis. Chromatography of the resulting water-soluble polymer on a Sepharose CL-6B column produced a single peak of labeled material with an apparent molecular mass of about 60,000. In subsequent chromatography on a DEAE-Sephacel column, the radioactive polymer was retained on the column and eluted from it with 0.4 M NaCl. A similar result was also obtained with the labeled polymer produced with the membranes of B. coagulans AHU 1631. The elution profiles of the radioactive polymers in the above-described gel filtration and anion-exchange chromatography closely resembled the elution profiles of cell wall teichoic acids and lipoteichoic acids isolated from several Bacillus strains.
Chromatography of the ['4C]glucose-linked polymer on
Octyl-Sepharose CL-4B. It has been reported that cell wall teichoic acids can be separated from lipoteichoic acids by Octyl-Sepharose CL-4B hydrophobic interaction chromatography (5, 10). When the hot phenol-solubilized radioactive polymer was subjected to Octyl-Sepharose CL-4B chromatography, half of the radioactivity applied passed through the column, and the remaining half of the radioactivity was eluted from the column as a propan-1-ol concentration higher than 40%. This result suggested that a substantial part of the ['4C]glucose residues incorporated were attached to a lipid-linked polymer, and it seemed possible that considerable portions of the presumptive, lipid-linked polymer chains lost their lipid moieties during the hot phenol treatment (17) .
Therefore, the [14C]glucose-linked polymer product, extracted with 1 M NH3 at 25°C (28) instead of hot 40% phenol, was examined. When the NH3-solubilized radioactive polymer was subjected to Octyl-Sepharose CL-4B chromatography, the major portion of the radioactivity was recovered in the fraction eluted at 40% propan-1-ol ( Fig. 2A) . By subsequent treatment with 50% phenol at 68'C for 3 h, the radioactive polymer eluted from the column at 40% propan-1-ol was for the most part converted into material passing through the column (Fig. 2B) (Fig. 3) , producing two radioactive compounds, compounds 1 and 2, which accounted for 15 digestion with a-D-galactosidase, compound 2 produced radioactive material coincident with compound 1, indicating that compound 2 corresponded to a-galactosylated compound 1. Compounds 1 and 2 were both resistant to a-D-glucosidase and P-D-galactosidase. On paper electrophoresis in 50 mM sodium borate buffer (pH 9.8), compound 1 migrated to the anode with a mobility relative to Glc-P(1-+2)Gro of 2.2 and was coincident with Glc-P(1-*1/3)Gro.
As estimated by chromatography on a Cellulofine GCL-25m column (Fig. 3) , the molecular masses of compounds 1 (19) . fr., Fraction.
(1,100 cpm) of the resulting radioactive polymer (2,400 cpm) recovered in the NH3-solubilized fraction was subjected to HF hydrolysis after purification by chromatography on Octyl-Sepharose CL-4B, producing another radioactive compound (compound 3; (Fig. 4) . On the basis of these results, it was demonstrated that poly(Gal- in the biosynthesis of the 0 side chains of lipopolysaccharides (18) . Hancock and Baddiley proposed that the same glycolipid participates in the biosynthesis of the main chain of a cell wall polymer, poly(glucosylglycerol phosphate), in B. licheniformis ATCC 9945 (8) . Glucosyl phosphorylundecaprenol formed in Bacillus stearothermophilus was shown to be incorporated into an unknown macromolecule of the same strain (20) . On the other hand, Mancuso and Chiu reported that the glucosyl moiety of glucosyl phosphorylundecaprenol was incorporated into lipoteichoic acid of S. sanguis (16) . Recently, it was also revealed that P-N-acetyl-D-glucosaminyl phosphorylundecaprenol participates in the formation of ax-N-acetyl-D-glucosaminyl branches in lipoteichoic acids of several Bacillus species (22) and that I-D-galactosyl phosphorylpolyprenol functions as the galactosyl donor in the formation of ax-D-galactosyl branches of lipoteichoic acids in B. coagulans (29) . Therefore, the sugar residues of glycosidic branches of membrane lipoteichoic acids seem to be generally introduced through sugar-linked phosphorylisoprenols.
In contrast, in the biosynthesis of cell wall teichoic acids, the glycosidic side branches appear to be directly transferred from sugar nucleotides (2, 4, 6, 21) , and there has so far been no evidence of participation of sugar-linked prenols as glycosyl donors in the formation of the side branches of cell wall teichoic acids (25) .
The results described in the present paper lead to the conclusion that the glucosidic side branches of cell wall teichoic acids in B. coagulans are most probably introduced from UDP-glucose via ct-D-glucosyl phosphorylpolyprenol. incorporated into a negatively charged polymer, presumably teichoic acid. The hydrophobic nature of the NH3-solubilized radioactive polymer product was evidenced by the results of hydrophobic interaction chromatography on Octyl-Sepharose CL-4B (Fig. 2) . Murazumi et al. (17) reported that GlcNAc-PP-undecaprenol produced a-GlcNAc-1-P(P) after treatment with 50% phenol at 68°C for 3 h. The similarity between the chromatographic behavior of the [14C]glucose-linked polymer product and poly(Gal-Gro-P)- UDP-GIcNAc UMP GIcNAc-P-P-Css I -UDP-Glc UDP, Glc-GlcNAc-P-P-Cs I CDP-Gro CMPl (Gro-Ptr-Glc-GlcNAc-P-P-Css , UDP-Gal UDP-CDP-Gro CMP (Gal-Gro-Ptf--t Gro-Pls7Glc-GlcNAc-P-P-C55
C55-P GIc-P-Css (Gal-Gro-Pt-H Gro-PV G1c-GIcNAc-P-P-C55 product the polymer chain was bound to a lipid, probably undecaprenol, through an acid-labile phosphate or PP1 bridge. The coincidence of the major radioactive fragment of the polymer product, D-galactosyl-a(1--2)(D-glucosyl-p (1--1/3))glycerol, with the dephosphorylated repeating unit of the natural cell wall teichoic acid leads to the conclusion that the glucose residues were transferred from ["4C]Glc-P-prenol to repeating D-galactosyl-a(1-->2)glycerol phosphate units of a cell wall teichoic acid precursor to form ,3-D-glucosyl side branches at the C-1 or C-3 position of the glycerol residues.
A probable biosynthetic route for the glucose-containing cell wall teichoic acid in B. coagulans is shown in Fig. 5 . The main chain of this teichoic acid, poly(Gal-Gro-P), seems to be produced by the alternate transfer of glycerol phosphate and galactose from CDP-glycerol and UDP-galactose, respectively (28) . The glucosyl branches are probably introduced from [14C]Glc-P-prenol to the polymer chain before the polymer chain is transferred to peptidoglycan. It is at present difficult to decide whether the glucosylation occurs randomly along the poly(Gal-Gro-P) chain or whether the glucosylation follows the chain elongation in succession.
The enzymatic process described in the present paper is the first example of involvement of sugar-linked phosphorylpolyprenol as a glycosyl donor in the synthesis of side branches of cell wall teichoic acids. Whereas it is known that [0-"'C]Glc-P-polyprenol serves as a sugar carrier in the biosynthesis of bacterial polymer chains (8, 18) , animal glycoproteins (9), and glycolipids (23) 
